The effect of tree shelter on the growth and anatomy of bark and wood of cork oak (Quercus suber L.) seedlings was evaluated one year after planting. Stem cross sections were examined and percentage of tissues (vessels, axial parenchyma, rays and fibres) and diameter of vessels analysed. The cork oaks responded to the effect of shelter tubes with a 22% increase in apical growth and a 35% decrease in radial enlargement resulting into highly significant differences in the diameter-to-height ratio (0.099 and 0.193 respectively for sheltered and unsheltered plants). The stem anatomy showed adaptations to the protected environment of the shelter: the sheltered plants had a significantly higher percentage of parenchyma (30% vs. 19%, P < 0.001) and lower percentage of wood fibres (40% vs. 47%) compared with unsheltered plants. Annual rings were less clearly visible in the sheltered plants. These observations suggest that trees grown in protective shelters are less able to withstand the environment than those directly subjected to it.
INTRODUCTION
Cork oak (Quercus suber L.) is the dominant tree species in the agroforestry system known as ʻmontadoʼ that extends over large areas in the south of the Iberian Peninsula. The present economic feasibility of such systems, developed in regions where alternative land uses are scarce due to dry climate and poor soil condition, is largely determined by the exploitation of the cork oaks for cork, a prized raw-material for production of wine stoppers and other products.
The sustainability of the cork oak forest is a major concern since natural regeneration is low, largely due to grazing and the agricultural use of the soil. Afforestation or reforestation in cork oak areas is therefore included in forestry programmes in these regions, but success is low, with high mortality in the early years and frequent destruction of young plants by herbivores, machines or adverse climatic conditions, e.g. drought in the hot summer months.
The use of individual tree shelters in tree planting has been shown to improve survival by offering protection to the young plants and enhancing growth rates in a microclimate with a sustained higher relative humidity (Potter 1991; Tuley 1985) . Some results of growth and physiology of cork oak seedlings have already been published (Dias et al. 1990 (Dias et al. , 1992 Tuley 1985) reporting that the presence of shelters stimulated height and a higher shoot/root ratio, but leaves showed characteristics of acclimation to shade and were less tolerant to heat, being killed at lower temperatures than those of the unsheltered controls.
In this paper we study the effect of tree shelter on the stem structure and bark and wood anatomy of young cork oak plants after the first year of field growth.
MATERIAL AND METHODS
An experimental trial to study the effect of individual tree shelter on growth and survival of young cork oak plants (Quercus suber L.) was established in March 1998, in Aviz, Alto Alentejo (39° 02' N; 8° 03' W; altitude 160 m), Portugal. The climate is of the Mediterranean type with some Atlantic influence with a mean annual rainfall of 618 mm and a mean temperature of 16.0 ºC, mild winters and hot, dry summer periods. The soils are leptosols.
The trial included two treatments, the use of tree shelters and unsheltered plants, with a split block design with 4 blocks per treatment. The tree shelters were 120 cm long polypropylene tubes of light brown colour.
Six-month-old cork oak seedlings were planted (20 March 1998) using a 4 × 4 spacing and were monitored regularly by measuring survival, plant height and stem diameter at the base. One year after planting, 7 plants per treatment were randomly selected in the different blocks and taken out (16 April 1999) .
Stem pieces 1-1.5 cm in length were cut at the stem base and fixed in FAA. Transverse microscopic sections approximately 17 µm in thickness were prepared with a Reichert sliding microtome after impregnation with DP 1500 polyethylene glycol. The sections were stained with a triple staining of chrysodine/acridine red and astra blue, and mounted in Euparal.
The diameter of the pith and the thickness of xylem, phloem, and total bark (secondary phloem + periderm) were measured on two radial directions. Tangential and radial diameters of vessels were measured using a semi-automatic image analyser on 30 vessels along the radius.
The proportion of axial parenchyma, fibres, rays and vessels in the xylem were measured in the transverse sections using a 54-point grid on three successive areas, from cambium to pith.
RESULTS AND DISCUSSION

Growth
The use of shelters influenced plant growth (Table 1) . The seedlings, which initially had no significant differences in height and diameter, showed after one year of field growth statistically significant (P < 0.05) differences between treatments. The sheltered plants were taller (by 22%) and had smaller diameters (by 35%) than the unsheltered plants (Table 1) . This led to highly significantly differences in the ratio of diameter-toheight: 0.099 (± 0.027) and 0.193 (± 0.038), respectively for sheltered and unsheltered plants. Dias et al. (1992) also verified the stimulation of height growth of the cork oak plants in the first year by the use of the shelters. This agrees with results for other species, where use of shelters enhances early growth rates (Potter 1991; Tuley 1985) , with the combination of higher temperature and humidity increasing photosynthesis and explaining the accelerated growth and good survival (Evens & Potter 1985) .
General structure
The stem of the one-year-old Q. suber plants included from periphery inwards periderm (Pr), phloem (Ph), xylem (Xm) and pith (Pth) ( Fig. 1 & 2) . The general structure of sheltered and unsheltered plants was similar with regard to type and organisation of cells.
Unsheltered plants had more bark and xylem ( Fig. 1 ) than sheltered plants ( Fig. 2) in accordance with their enhanced diameter growth. The proportion of bark in the stem cross section was higher by approximately 20% in the unsheltered plants in relation to the sheltered plants ( Table 2 ). The sheltered plants showed a correspondingly higher proportion of pith. Table 2 . Proportion of total bark, xylem and pith in % of radius in unsheltered and sheltered corkoak trees at one year after planting. Mean of seven plants and standard deviation. 
Bark anatomy
The external surface of the bark of the young cork oaks was brown and smooth, with some narrow axial fissures.
The structure of bark was similar in sheltered and unsheltered plants ( Fig. 1 & 2) , with a single periderm (Pr), followed by collapsed phloem (Cph) and an inner region of non-collapsed phloem (NCph) (Fig. 3 & 4) . In the periderm the phellogen was a continuous one-cell layer around the stem, with a phellem (Pm) to the outside and a phelloderm (Pd) to the inside (Fig. 5 & 6 ). An epidermis could be observed at the outside of the phellem (Fig. 5, black arrow) with frequent fractures as a consequence of radial growth.
The phellogen cells are rectangular and flattened radially in the transverse section. Most divisions of the phellogen cells were periclinal giving rise to radial rows of phellem and phelloderm cells, but some anticlinal divisions could also be observed thereby increasing the number of radial rows and contributing to stem diameter growth (Fig. 5 & 6 arrow) .
The process of phellogen division and differentiation into phellem cells seemed more advanced in unsheltered plants, with only one or two layers of cells remaining undifferentiated (Fig. 5) , while in sheltered plants differentiation extended in most cases to 4 or more layers of cells (Fig. 6) .
The phellem layer (Pm) was made up of 3-10 or more suberised cells with a clear radial disposition, tangentially elongated due to the stress of secondary growth, and largely filled with tanniniferous contents (Fig. 5 & 6 ). Lenticels were observed interrupting the periderm and the complementary cells (cc) of the lenticular filling material remained thin-walled and unsuberised (Fig. 7 arrow) .
The phelloderm layer was composed of 2-3 layers of rectangular cells (Pd), also tannin filled (Fig. 5 & 6) ; sometimes only the radial disposition of the cells distinguished them from the cortex.
To the interior of the periderm, a large number of round-shaped cells from the remaining cortex (cx) were still present, filled with tannins ( Fig. 3-5 ). In the cortex, groups of primary fibres were sometimes associated with the periderm and were encircled by phellem tissue (Fig. 4 arrow) . With the continued growth of the periderm these fibres are eventually pushed out and appear in the phellem as has been observed by Graça and Pereira (1993) in branches of young cork oaks and Quilhó et al. (1999) in the bark of Eucalyptus globulus.
An almost continuous ring of perivascular fibres (PF, in Fig. 3 ) occurred between cortex and phloem, more or less parallel to the stem circumference. The continuity of this fibrous ring, during secondary growth, was maintained by the differentiation of sclereids (sc, Fig. 1, 6, 7 ). Sclereids were isodiametric, sometimes elongated, with abundant tannin content and a strong sclerification of cell walls. They occurred mostly in clusters and were observed in radial alignment with the largest rays (R) of the xylem (Fig. 7) . Such anatomical changes as related to secondary growth were described for the bark of Q. suber (Fahn 1974; Esau 1977; Graça & Pereira 1993 ) and other species, e.g. Quercus robur, Ulmus glabra, Populus tremula (Trockenbrodt 1991) , Pinus pinaster (Nunes et al. 1996) and Pinus pinea (Nunes et al. 1999) . Fig. 3 & 4) was characterised by some structural disarray caused by collapse of sieve tubes, expansion of parenchyma cells and distortion of rays. Some rays developed a funnel-shaped dilatation, through tangential cell divisions (Rd, Fig. 7) .
The non-collapsed phloem (NCph, Fig. 3 & 4) was narrow and uniform, containing sieve tubes, parenchyma cells, fibres and rays. Sieve tubes were dispersed between the axial parenchyma and mostly obscured by it. In the transverse section, the sieve elements showed a polygonal shape with thin and unlignified cell walls. The phloem rays followed a more or less straight course in the non-collapsed phloem but became irregular towards the periphery in the collapsed phloem. The fibres formed tangential bands or clusters, sometimes alternating with axial parenchyma.
Wood anatomy
Quercus suber wood is semi-ring porous with distinct growth rings. The growth ring boundaries are marked by thick-walled and radially flattened latewood fibres (Fig. 8 ) and by differences in vessel diameter between latewood and earlywood ( Fig. 1, 2, 8) . In earlywood, the vessels are more abundant and larger and gradually become narrow in the intermediate wood and latewood. In the transverse section, vessels are almost circular to oval, exclusively solitary, with a diagonal to radial arrangement.
The axial parenchyma is apotracheal, diffuse and diffuse-in-aggregates, sometimes arranged in continuous 1-2 cell wide tangential lines forming a reticulate network with rays (Fig. 8) . The parenchyma cells are rounded in cross section, and thin-walled. Some rays contain dark stained deposits (Fig. 8, arrow) . Aggregate rays (R) are present in the xylem opposite clusters of sclereids in the phloem (Fig. 7) .
The pith included large and round axial parenchyma cells filled with stained inclusions (◊) and crystals (arrow) (Fig. 9) .
The wood structure of the 1-year-old Q. suber plants we observed was similar to previous descriptions (Esteben & Casasús 1982; Carvalho 1996) .
The differences between sheltered and unsheltered plants were mainly in the differentiation of annual increments ( Fig. 1 & 2) , the pith dimensions (Table 2 ) and the amount of wood tissue (Fig. 10) . Well-marked boundaries of annual growth rings made up by radially flattened fibres were more evident in unsheltered plants (Fig. 1, 8 ), thereby reflecting a stronger response to changes in environmental conditions. A more continuous growth in the environmentally protected conditions given by the tree shelters led to less pronounced annual increments in the sheltered plants (Fig. 2) .
Compared with unsheltered plants, the wood of sheltered cork oaks had fewer vessels (5% vs. 7%) with smaller diameters (27 µm vs. 29 µm) (Fig. 10 & 11) even though between plant variability was high and the differences were not statistically significant. The sheltered plants had a significantly higher percentage of parenchyma (30% vs. 19%, P < 0.001) and lower percentage of fibres (40% vs. 47%) compared with unsheltered plants (Fig. 10) , showing that plants growing in the protected conditions did not develop so much fibrous mechanical support tissue.
It is difficult to isolate the factors that may have influenced wood anatomical differences between sheltered and unsheltered plants. It has been shown for several species, including oaks, that low rainfall is associated with a higher proportion of earlywood vessels and smaller vessel diameters (Knigge & Schulz 1961) , with the number of vessels increasing with aridity while their individual diameters decrease (Carlquist 1966) . Unsheltered plants had wider vessels and a higher proportion of vessels than sheltered plants ( Fig. 10 & 11) . Ring widths are positively related to vessel diameter with wider rings corresponding in general to higher rainfall (Woodcock 1989) .
In the Mediterranean conditions of this experiment, no significant differences in water availability for plant growth are to be expected with the use of shelters, where only the microenvironment conditions inside the tube are altered, and therefore variation in ring width and wood anatomy should have other causes. These variations are probably the result of thigmomorphogenetic reaction (Jaffe 1973) since the shelters are a protection from wind and other disturbances, and growth of sheltered and unsheltered plants has therefore taken place in different environments regarding the mechanical loading applied to the plants. The much larger diameter-to-height ratio (0.193 vs. 0.099) and the higher proportion of fibres found in unsheltered plants are consistent with a response to mechanical stimuli such as wind and flexure, as observed by Telewski and Jaffe (1986) and Telewski and Pruyn (1998) in young woody plants.
The overall evaluation of the shelter-protected cork oak plants after one year of growth indicates that they are possibly less well adapted to the natural environment in terms of stem structure and secondary growth. This calls attention to the potential risks that will be incurred upon exposure to unsheltered conditions and to the possible economic consequences of relatively smaller stem diameters when using tree shelters for cork oak seedlings.
CONCLUSIONS
Cork oaks respond to the effect of shelter tubes with a pronounced increase in apical growth and decrease in radial growth. The stem anatomy showed adaptations to the protected environment of the shelter tubes, e.g. less well demarcated annual rings, fewer and smaller vessels, more parenchyma and less fibre tissue. Sheltered plants might be mechanically less adapted to an open environment when the protective tubes are removed.
